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with moderate energy offsets at the donor–
acceptor heterojunction.[2,4,6] Low driving 
forces go along with reduced voltage losses, 
slightly above 0.5 V.[7–10] These new attrib-
utes and the remarkable efficiencies ask for 
a detailed analysis of the pathways of free 
charge generation.

Because of the low dielectric constant of 
organic semiconductors, photoexcitation 
creates strongly bound excitons. There-
fore, photocurrent generation in OSCs 
comprises two steps. The first is charge 
generation, where a photogenerated 
exciton diffuses to the D/A interface to 
form an interfacial charge transfer (CT) 
state. This is followed by the second 
step, the dissociation of the CT into free 
carriers.[11] In the framework of Marcus 
theory, the efficiency of the first step, CT 
formation via interfacial charge transfer, 

is related to the so-called driving force for charge generation, 
ΔES1,CT, which is the difference in energy of the intramolecular 
singlet (S1) excited state on the donor or acceptor and the CT 
state.[12,13] Various recent publications deal with the efficiency 
and dynamics of charge generation in NFA blends, revealing 
efficient interfacial charge transfer also for small ΔES1,CT.[7,14,15] 
Efficient charge generation has been rationalized by, e.g., 
favorable microelectrostatics.[16] In contrast, information on 
the dominant pathway and efficiency of the dissociation of 
the CT state to the fully charge separated state (CS) is rare for 
NFA-based blends. For homogeneous media, theory predicts a 
CT binding energy of around 400 meV,[17] in clear contrast to 
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Organic solar cells (OSCs) have gained renewed interest with the 
emergence of non-fullerene acceptors (NFAs). Small molecule 
NFAs blended with donor polymers have rapidly advanced, 
reaching state-of-the-art power conversion efficiencies above 16%[1,2] 
for single junctions and 17.3% for all-organic solution-processed 
tandem cells.[3] These NFA-based blends benefit from a strong and 
redshifted absorption of the acceptor (A), complementary to the 
donor (D) absorption range, and small ionization energy offsets 
at the D/A heterojunction. As a direct consequence, short-circuit 
currents (JSC) over 25 mA cm−2 and open circuit voltages (VOC) 
above 0.8 V have been reported for different NFA blends.[1,2,4,5] 
Notably, high JSC values have been shown for NFA-based blends 
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the high external quantum efficiency (EQE) for photocurrent 
generation of many NFA-containing devices. Several studies 
showed high EQE to be related to a larger driving force.[15,18–20] 
This situation reminds of the “hot” dissociation model, where 
exciton dissociation creates a more loosely bound electronically/
vibronically excited CT state.[21,22] A popular method to address 
this issue is to measure the photocurrent response as a func-
tion of excitation energy, comprising the spectral range which 
only excites low lying CT states. Interestingly, measurements 
on fullerene-based blends gave evidence for a cold dissociation 
pathway, which involves an equilibrated CT state manifold.[23,24] 
An elegant approach to study the binding of the involved CT 
state is to measure the temperature dependence of CT dissocia-
tion. Notably, the activation energy for CT dissociation is unaf-
fected by entropic effects.[25] Temperature-dependent studies 
on fullerene-based blends revealed activation energies for CT 
dissociation from few tens to ≈100 meV,[25–29] with some impor-
tant exemptions as discussed next. We are aware of only one 
publication reporting temperature-dependent measurements 
on the CT binding in a NFA blend.[30] Here, pump-push photo-
current spectroscopy (PPPc) was applied to a blend of the donor 
PffT4T with the NFA EH-IDTBR, suggesting a CT binding 
energy of 100 meV. This blend exhibits very small energy offset 
of the lowest unoccupied molecular orbitals (LUMOs) and of 
the highest occupied molecular orbitals (HOMOs) at the D/A 
heterojunction of only 0.21 and 0.24 eV, respectively, suggesting 
a small (or even negligible) ΔES1,CT. While the value of ΔES1,CT 
primary dictates the efficiency of charge generation, it is also 
expected to affect the dissociation of the formed CT state. For 
example, increasing the CT state energy will go along with the 
suppression of vibronic coupling to the ground state, thereby 
reducing the nonradiative CT decay rate as the competing pro-
cess to CT dissociation.[31,32] In agreement to this, recent work 
on low donor content blends revealed a power-law dependence 
of the CT dissociation efficiency on the energy of the lowest CT 
state.[33] We, therefore, expect that in NFA-based blends, the 
benefit of a smaller energy driving force and higher lying CT 
state manifold is not only an increased VOC but also a more effi-
cient CT dissociation, due to slower geminate recombination. 
However, when the CT approaches the S1, electronic coupling 
may result in the formation of hybridized states with mixed 
exciton-CT character.[13,34] Following this rational, recent work 
predicted a stronger binding and faster geminate recombina-
tion of such mixed states to the ground state, thereby reducing 
the efficiency of CT dissociation.[32,35,36]

In this work, we perform a comprehensive study of free charge 
generation and of nongeminate losses in a state-of-the-art NFA 
blend with a low driving force, using a combination of temper-
ature-dependent time-delayed collection field (TDCF), EQE, and 
VOC measurements. Our system of choice is the wide bandgap 
polymer PM6, based on a fluorinated-thienyl benzodithiophene 
(BDT-2F) unit, and the small molecule Y6, which contains a 
dithienothiophen[3.2-b]-pyrrolobenzothiadiazole (TPBT) central 
fused unit flanked with 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-
inden-1-ylidene)malononitrile (2FIC) units (chemical structures 
shown in Figure 1a). PM6:Y6 devices have been reported to 
exhibit a power conversion efficiency (PCE) of up to 15.7% despite 
a relatively low ionization energy (IE) offset for hole transfer 
(see Figure 1a).[4] Given the broad absorption spectrum and the 

large difference of the S1 energies of the donor and acceptor, the 
PM6:Y6 blend is a relevant system for the study of free charge 
generation in relation to excess energy and driving force. Our 
experiments show that the efficiency of free charge generation 
is independent of the electric field regardless of whether the 
donor, the acceptor, or states in the tail of the blend absorption 
are excited. Temperature-dependent optoelectronic studies reveal 
nearly barrierless free charge formation. Our experimental find-
ings are consistent with theoretical modeling which reveals an 
electrostatic interfacial field which for Y6 is large enough to com-
pensate the Coulomb dissociation barrier.

All of our studies were performed on optimized PM6:Y6 
(1:1.2, w/w) blends in an inverted solar cell geometry, given the 
superior stability of this device architecture under prolonged 
pulsed laser illumination. Table S1 (Supporting Information) 
contains the averaged photovoltaic parameters of devices pre-
pared in this work. Our devices exhibit a PCE of 13.7%, which is 
≈10% smaller than the PCE of 15.3% as reported by Yuan et al. 
for the as-cast blend in the conventional device architecture.[4] 
Inspection of the photovoltaic parameters (PV) shows that the 
difference originates mainly from a lower JSC (22.4 mA cm−2 in 
our as-cast 100 nm inverted devices vs 24.3 mA cm−2 in 150 nm 
regular devices), while differences in the fill factor (FF) and 
VOC are minor. This suggests that our cells suffer mainly from 
a less efficient photon absorption and/or exciton harvesting, 
while all other processes are virtually the same as in the blend 
reported by Yuan et al. Remarkably, we were able to upscale the 
devices to an active area of 1 cm2 with only ≈2% losses in FF 
(see Figure S1, Supporting Information, for the PV parameters 
and Figure S2, Supporting Information, for the current density–
voltage (J–V) characteristics of a 1.0229 cm2 area certified cell). 
This cell delivered a PCE of 13.45%—the highest certified value 
reported so far for a >1 cm2 single-junction OSC device.[37]

Figure 1a shows the energy diagram as derived from cyclo-
voltametric measurements on films of the neat materials 
in ref.[4] (see Note S1, Supporting Information). As a conse-
quence of the small IE offset of only 0.09 eV, we expect a small 
driving force ΔES1,CT. Figure S3 (Supporting Information) shows 
the comparison of the sensitive external quantum efficiency 
(EQEPV) of the pristine NFA and the blend where we indeed 
observe very little difference between the spectra. However, the 
electroluminescence (EL) spectra of PM6:Y6 display low energy  
features which could indicate the presence of CT state emission 
(see Figure S4, Supporting Information). To determine the CT 
energy, we fitted the reduced EQEPV and EL spectra following 
the approach by Vandewal et al.[38] The resulting ECT = 1.41 eV 
is consistent with the value taken from the maximum of the 
derivative of the EQEPV curve,[39] as also shown in Figure S4 (Sup-
porting Information). Alternatively, we fitted only the low energy 
shoulder of the EL spectra using Marcus theory (as previously 
done in the work by Tang et al.[18]) which yields ECT = 1.29 eV.  
The singlet exciton energy of PM6 and Y6 were obtained from 
the crossing point of the absorption and photoluminescence (PL) 
spectra of the pristine films. This gives an energy of the lowest 
excited singlet exciton S1 of 1.90 eV for PM6 and of 1.42 eV for 
Y6 (Figure S4, Supporting Information). Conclusively, the driving 
force for charge generation through channel I (electron transfer) is 
ΔES1(D),CT ≅ 0.60 eV, while it is much smaller through channel II 
(hole transfer), with an estimated ΔES1(A),CT ≤ 0.13 eV.
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In order to elucidate the role of the pathways on the free car-
rier generation, we performed TDCF experiments as a function 
of the electric field and temperature with excitation at different 
photon energies. The experimental details on TDCF have been 
described elsewhere.[29,40] In short, the device is excited with a 
short laser pulse (≈5 ns) while being held at a given pre-bias  
(Vpre). After a delay time of 6 ns charges are extracted by 
applying a high reverse collection bias (Vcoll). To ensure that 
nongeminate losses are insignificant during the measurement, 
we apply a sufficiently large Vcoll of −2.5 V and the laser inten-
sity is chosen to lie in the linear regime (the extracted charge 
is strictly proportional to the laser fluence). Then, the total 
extracted charge (Q) is a direct measure of the efficiency of free 
charge generation under these conditions.

Figure 1b shows the results of such a measurement, where 
Vpre is swept from reverse bias to VOC. Here, the excitation 
energy was 2.07 eV which excites primarily the donor polymer 
at its low energy absorption maximum (see the absorption 

spectra of donor, acceptor, and the blend in Figure S5, Sup-
porting Information). We find that the total charge Q does not 
depend on the applied bias Vpre, even when Vpre approaches 
VOC, meaning that the photocurrent does not suffer from 
increased geminate recombination when decreasing the 
internal field. Theory predicts that an appreciable barrier for CT 
dissociation would cause a dependence of the dissociation effi-
ciency on the electric field because of electrostatic barrier low-
ering.[11,41] Any gradient of the J–V at JSC (green solid line and 
right axis in Figure 1b) must, therefore, originate from bias-
dependent nongeminate recombination (NGR), which will be 
addressed later in this work.

Figure 1c assembles the result of bias-dependent TDCF 
generation experiments for different excitation energies, 
ranging from 2.76 eV to excite a high energy exciton state mani-
fold down to 1.29 eV, which is within the low energy shoulder of 
the EL spectra attributed to emission from the CT state (refer to 
Figure S4, Supporting Information). With this, our experiments 
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Figure 1. a) Chemical structure of PM6 and Y6 and energy levels measured by cyclic voltammetry, taken from ref. [4]. The curved arrows indicate the 
pathways for charge generation via electron transfer (channel Ι) or hole transfer (channel ΙΙ), respectively. b) Bias-dependent free charge generation 
(symbols, left axis) for an inverted PM6:Y6 device measured by TDCF for an excitation of 2.07 eV with a low fluence of 0.05 µJ cm−2 and Vcoll = −2.5 V. 
For comparison, the current density–voltage characteristics of the device under simulated AM1.5G light is also shown (solid lines, right axis). c) Total 
charge Q as a function of pre-bias (Vpre) normalized to the value at −2 V for energies corresponding primarily to PM6 excitation (2.76, 2.33, and 2.07 eV), 
Y6 excitation (1.55 and 1.41 eV), and CT state excitation (1.29 eV). d) EQE (left axis) experimentally measured for a PM6:Y6 device and IQE and IGE 
(right axis) as optically modeled from EQE and TDCF results, respectively.
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cover an exceptional wide range in photon energy, including 
predominate channel I and channel II excitation, hot exciton 
creation, or the direct formation of CT states. Clearly, charge 
generation is field-independent for all used excitation energies, 
irrespective of the predominant channel of charge transfer or 
whether we excite directly the CT state. To complement this 
finding, we calculated the internal quantum efficiency (IQE) 
spectra of PM6:Y6 from the experimental EQE spectrum by 
taking the reflection (R) and parasitic absorption (PA) losses 
in the device stack (i.e., IQE = EQE/(1−R−PA))[42] into account 
(see Note S2 and Figure S6, Supporting Information, for fur-
ther details on the procedure). Note that the main source of PA 
in the considered photon energy range is by the MoO3 layer. 
The same procedure was applied to the TDCF data to determine 
the internal generation efficiency (IGE), which is the number 
of generated free charges per absorbed photon. As shown in 
Figure 1d, both IQE and IGE are independent of excitation 
energy and are close to unity. This has important implications. 
First, free charge generation does not benefit from a larger 
driving force (channel I vs channel II) nor from excess photon 
energy. These findings substantiate the conclusions from earlier 
studies on fullerene-based solar cells, which were interpreted in 
terms of a cold generation process, involving a low energy CT 
state manifold as a precursor to free charges.[23,29,42] Second, 

the lack of a field dependence of generation, independent of the 
excitation energy, suggests a low energetic barrier for the disso-
ciation of such low energy precursor states. Third, with IQE and 
IGE being close to one, losses due to exciton harvesting, gemi-
nate recombination, or charge extraction must be very small. 
This points to an ideal morphology, where the domains of the 
phase separated blend allow all photogenerated excitons to dif-
fuse to the donor–acceptor interface, while a good interpenetra-
tion of donor- and acceptor-rich regions prevents trapping of 
photogenerated charges on isolated domains.[43] Indeed, recent 
work by Chandrabose et al.[44] reported an exceptionally high 
exciton diffusion coefficient in well-ordered domains of a NFA, 
which was assigned to the rigid nature of the molecule and low 
energetic disorder. We finally note that optical modeling shows 
the EQE (and JSC) of our inverted device to be significantly 
affected by reflection and parasitic absorption, causing the PCE 
to lie below published PM6:Y6 record values.

Figure 2a shows the results of temperature-dependent TDCF 
experiments at 1.55 eV, exciting exclusively the NFA at its 
absorption maximum and at 2.33 eV, which excites both com-
ponents of the blend. We observe that cooling down the device 
to 230 K has essentially no effect on the efficiency of charge 
generation and that it remains field independent even for the 
lowest temperature tested. The same holds for other excitation 
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Figure 2. a) Bias-dependent free charge generation for a PM6:Y6 device measured at different temperatures by TDCF (with a fluence of 0.1 µJ cm−2 
and Vcoll = −2.5 V). The excitation was chosen to excite exclusively Y6 at 1.55 eV or both components at 2.33 eV. b) External quantum efficiency at  
different temperatures measured at short-circuit conditions and low intensity. c) Temperature dependence of EQE values at different excitation  
energies. Open symbols correspond to the raw data and the dashed lines are fits to Equation (1) with a calculated Ea = 6 meV for all excitation  
energies. d) Temperature dependence of VOC. The linearity of the plot reveals that the free carrier density in the device remains essentially constant 
down to a temperature of ≈100 K.
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energies (Figure S7, Supporting Information). Figure S8 (Sup-
porting Information) plots the results from Figure 2a as func-
tion of temperature, normalized to the value at 320 K, where 
we observe a less than 10% drop of the free charge generation 
efficiency when decreasing the temperature from 320 to 230 K. 
This suggests a very small (if any) barrier toward CT dissocia-
tion. To substantiate this finding, our TDCF results were com-
plemented by taking EQE spectra at different temperatures, 
with results shown in Figure 2b. Those measurements were 
performed at low intensity to avoid second-order losses (i.e., 
recombination of free charge carriers), meaning any losses in 
the EQE should be mainly geminate.[26] We observe a gradual 
but only weak decrease of the EQE down to T ≅ 150 K, followed 
by a steeper drop when decreasing the temperature further, 
possibly related to charge transport issues. Notably, changing 
the temperature leaves the shape of the spectrum essentially 
unaffected down to ≈125 K (see Figure S9, Supporting Infor-
mation). To extract an activation energy (Ea) for photocurrent 
generation, we plotted the EQE versus (kBT)−1 according to

= −






EQE EQE exp0

a

B

E

k T  
(1)

using EQE values at the same energies as measured by TDCF. 
Here, EQE0 is the EQE at infinite temperature. The result is 
depicted in Figure 2c, together with fits of Equation (1) (dashed 
line) to the high temperature region. The analysis yields a very 
small activation energy Ea of only 6 meV for all excitation ener-
gies, confirming our conclusion from TDCF that charge gen-
eration at RT in this high-performance blend is essentially 
barrierless.

As outlined earlier, there is a more pronounced effect of tem-
perature on the EQE below ≈150 K, which we propose to be 
caused by increased nongeminate recombination due to extrac-
tion issues, but whose origin may also lie in the onset of gemi-
nate recombination. To address this issue, we performed meas-
urements of the VOC over a wide temperature range, following 
the routine proposed by Gao et al.[26] At open-circuit conditions, 
generation equals recombination and extraction does not obscure 
the interpretation of the results (see Note S3 and Figure S10, 
Supporting Information). Figure 2d shows the resulting data for 
an illumination intensity equivalent to 1 sun. The VOC increases 
in a linear fashion with the temperature down to ≈100 K,  
which rules out an appreciable effect of temperature on the 
free carrier density for this temperature range. Conclusively, 
the above measurements reveal efficient free charge generation 
down to ≈125 K with an activation energy below 10 meV, ruling 
out a significant barrier for charge separation in PM6:Y6.

As pointed out above, studies with different methods and 
on different blend systems revealed values for the activa-
tion energies of CT dissociation between few tens of meV to  
≈100 meV.[25–29] A notable exemption is the annealed blend of 
P3HT with PCBM for which barrierless free charge generation 
was consistently shown.[45] This blend stands out by the strong 
tendency of the constituting components to phase-separate 
into well-crystallized domains but also by its large driving force 
of 0.9 eV.[46] A second example where a very low temperature 
dependence of CT dissociation was being proposed is the blend 
of TQ1 with PCBM.[47] This blend exhibits a reasonably large 

ΔES1,CT (>0.2 eV),[48] but more importantly a large energetic  
disorder of the ionization energy (IE) and the electron affinity 
(EA).[49]

This important finding raises the question about the origin 
of the processes compensating the unavoidable Coulomb attrac-
tion between the electron and the hole of the geminate pair in 
our PM6:Y6 blend. It has been argued that CT separation can be 
assisted by various processes (besides the driving force defined 
previously) such as entropy,[50,51] high local mobilities,[52,53] and 
delocalization of charges on aggregated phases of the donor and/
or the acceptor.[25,54–59] In addition, several recent papers high-
lighted the role of energetic disorder in providing low energy 
sites for the dissociation of CT states in D/A blends or even 
for singlet excitons in neat organic semiconductors.[25,50,60,61] 
For instance, Hood and Kassal[50] concluded that a Gaussian 
disorder σ of 100 meV is sufficient to reduce the free-energy 
barrier to ≈25 meV, meaning that thermal energy can be suf-
ficient to dissociate CT states at room temperature. Accordingly, 
we performed a temperature-dependent study of space-charge 
limited currents (SCLC) in electron- and hole-only devices to 
quantify the energetic disorder in the PM6:Y6 blend (see Figure 
S11, Supporting Information). The data were modeled with 1D 
drift-diffusion simulations based on the extended Gaussian  
disorder model, according to Felekidis et al.[62] We found the 
energetic disorder of the IE to be σIE = 83 meV and that of the 
EA, σEA = 71 meV. That the σ is lower for electrons in the LUMO 
of Y6 confirms conclusions from GIWAXS measurements 
by Yuan et al.,[4] that the NFA forms well-ordered domains in  
the blend. Such small values for σ exclude energetic disorder 
as the main driving force for charge separation. Note that the 
study on barrier lowering in ref.[50] includes the combined effect 
of energetic disorder and of entropy, while the activation energy 
for CT dissociation is unaffected by entropic effects.[25]

It has been argued that SCLC measurements are not well 
suited to study the density of states (DOS) that is involved in 
the photogeneration process.[63] This is because SCLC is by 
the motion of dark-injected charges, which are situated in 
the tail of the DOS right from the beginning, while photo-
generated charges may initially occupy states near the center 
of the DOS. We have recently shown that studies of dispersive 
recombination with TDCF provide direct access to the ther-
malization properties of photogenerated carriers in the actual 
device.[40,64,65] For this measurement, the device is held at a given 
Vpre, typically close to the maximum power point, while the 
delay time (tdel) is now varied from few ns to µs (see Note S4,  
Supporting Information). Figure S12 (Supporting Information) 
shows the total extracted charge carrier density ntot as a function 
of tdel at different excitation fluences, where the differential of ntot 
over time is the free charge recombination rate R. There is a sig-
nificant acceleration of recombination with increasing fluence, 
meaning that recombination is a higher order process. To gain 
information on how the rate depends on carrier density and time, 
R is plotted as a function of the charge carrier density ncoll present 
in the sample at tdel, with the result shown in Figure 3a. Except 
for some tailing at low fluences and early times, we observe that 
all R(ncoll, tdel) data fall onto one line, independent of the initial 
fluence, and this line has a slope of two in the log-log plot. This 
proves that R does not explicitly depend on tdel and that nondisper-
sive bimolecular recombination of free charges in the bulk of 
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the blend is the predominant mechanism in this blend.[64,66]  
The situation is clearly different from donor–acceptor blends with 
large energetic disorder, such as TQ1:PCBM, where recombi-
nation was found to be dispersive up to the microsecond time 
range.[40,65] We have complemented this transient study by inves-
tigating the recombination properties under steady-state condi-
tions, using bias assisted charge extraction (BACE) (Note S5, 
Supporting Information, contains further details on the meas-
urement).[67,68] The results are included as squares data points 
in Figure 3a for direct comparison to TDCF. These steady-state 
recombination data lie exactly on the results from TDCF, meaning 
that recombination involves the same site distribution, from the 
nanosecond timescale to steady state. The dashed line corre-
sponds to a fit to the power law-type dependence of the recombi-
nation rate on the carrier density, with a recombination order of  
δ = 2.14. A recombination order close to 2 rules out trap-assisted 
recombination.[69,70] The analysis of the recombination data 
according to R = k2n

2 yields a bimolecular recombination coef-
ficient k2 = 1.7 × 10−17 m3 s−1, depending only weakly on charge 
carrier density, as shown in Figure 3b. We also examined the 
dependence of the carrier density and the recombination cur-
rent on VOC, which gave an ideality factor nid of 1.17 and an 
m-factor of 1.18 (see Figure S13, Supporting Information, for 
details). Hofacker and Neher[64] have recently analyzed how the 
exact values of δ, nid, and m, depend on the shape of the DOSs 
and the predominant recombination pathway. The presented 
data strongly support that nongeminate losses occur exclusively 
through recombination of carriers situated in a narrow Gaussian 
DOS.

Our results question energetic disorder and charge ther-
malization in a broad DOS as the origin of efficient free charge 
generation in our PM6:Y6 blend. It has been recently proposed 
that an aggregation-dependent electron affinity causes an 
energy cascade which drives electrons out from the more dis-
ordered D/A heterojunction into the well-crystallized domains 
of neat NFA.[71] Also, measurements of the activation energy 
for CT dissociation for different blends revealed a direct corre-
lation with the nanomorphology, while there was no consistent 
dependency on the driving force.[27,29] We have so far observed 

strong evidence of NFA aggregation, such as the strong redshift 
in absorption for films, the small energy shift from EQEPV to 
electroluminescence emission, and the low energetic disorder 
in the EA. A recent study of the morphology of PM6 blended 
with Y6 revealed phase separation into well-crystallized domains 
with an average domain size of ≈20 nm.[72] In order to elu-
cidate the role of NFA aggregate formation on the efficiency 
of free charge generation, additional experiments were per-
formed on “diluted” low-acceptor-content PM6:Y6 (10:1, w/w)  
blends. Evidence for the deaggregation of Y6 comes from the 
marked blueshift of the NFA absorption and photoluminescence 
in the dilute blend compared to the 1:1.2 ratio and the neat 
acceptor layer (see Figure S14, Supporting Information). TDCF 
experiments on such a dilute blend revealed a pronounced effect 
of the electric field on the photogeneration efficiency (Figure 
S15, Supporting Information), where larger geminate losses 
appear at lower fields. The even stronger effect of bias on the 
steady-state photocurrent points to additional nongeminate 
losses, which we attribute to slow electron extraction in combi-
nation with a significant faster rate for NGR (see the results of 
TDCF recombination studies on the dilute blend in Figure S16, 
Supporting Information). Notably, free charge generation in this 
dilute acceptor blends is temperature dependent, with an activa-
tion energy of ≈22 meV (Figure S17, Supporting Information).

We now discuss the potential microscopic mechanism of  
barrierless charge generation in the optimized PM6:Y6 blend. 
As we have already mentioned, charge separation involves two 
steps: exciton dissociation into a CT state and the subsequent 
dissociation of that CT state into a free electron–hole pair. Since 
the PM6:Y6 donor–acceptor interface has a sufficiently large 
driving force between the excited donor/acceptor (D*/A*) and 
the CT state (≈0.61 eV for the D* and 0.13 eV for the A*), the 
transition from the D*/A* states to the CT state is barrierless. On 
the other hand, we expect the Coulomb binding energy between 
the CT and charge separated (CS) states to be of the order of 
0.4 eV.[17] Our temperature-dependent measurements, however, 
show that charge separation is barrierless in our PM6:Y6 blend.

To understand this, we first point out that because of the 
phase-separated structure the electrostatic potential at a D/A 
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interface can have a pronounced bend due to a molecular 
concentration gradient.[73] This concentration gradient modu-
lates the solid-state crystal field around the charge.[74–76] In 
other words, a hole away from the interface interacts with a 
smaller density of acceptors dispersed in the donor phase. For 
the acceptor–donor–acceptor molecular architecture of Y6, the 
electrostatic potential, termed here as a bias potential B, has a 
sign which pushes electrons and holes away from the interface. 
Another important implication of such bias potential is that it 
reduces the energetic difference between the CT and CS states, 
thus enabling the barrierless CT state dissociation.[73] There-
fore, the bend of the bias potential may compensate, at least 
partially, the Coulomb attraction of the CT state.

An exact evaluation of the bias potential requires the knowl-
edge of an atomically resolved donor–acceptor interface. Sim-
ulating such interfaces is computationally demanding, and 
here we provide only an upper bound for the bias potential, 
by assuming that in a CT state a hole on a donor molecule is 
dressed by the acceptor crystal field and vice versa. The crystal 
fields are evaluated using the polarizable force-field tailored 
specifically for Y6[77,78] (see Note S6 and Figure S18, Supporting 
Information for details). The estimated B value for Y6 is 1.1 eV. 
According to recent simulation work, barrierless CT dissocia-
tion requires B > 1 (unpublished). The large positive bias can 
be clearly traced back to the Y6 A-D′-A″-D′-A molecular archi-
tecture, which leads to a large static quadrupole moment of a 
molecule (Qxx = −120, Qyy = 80, Qzz = 40 D Ä) and hence large 
crystal fields, as shown in Figure 4a. Note that the molecular 
dipole moments cancel out due to the dimerization in a unit 
cell, as shown in Figure S19 (Supporting Information). Absence 
of a unit cell dipole and high crystallinity of Y6 films also 
imply its relatively narrow density of states, which is shown in 
Figure 4b. Measured and calculated DOS widths exclude effects 
of nonequilibrium relaxation of charges which could assist 
charge splitting. Note that the electron affinity and ionization 
energy are both within the “trap-free” window, hinting at a 
trap-free ambipolar transport in pristine Y6 films.[79,80] In addi-
tion, the calculated excited state reorganization energy of Y6 
has a very small value of 0.24 eV, which promotes large exciton 

diffusion rates and lengths and makes it less sensitive to the 
morphological variation in a bulk heterojunction.

With the exceptional free charge generating properties in 
PM6:Y6 demonstrated, the efficiency of our devices is mainly 
limited by insufficient photon absorption and free charge 
extraction. Our time-resolved and steady-state measurements 
showed consistently that nongeminate recombination is bimo-
lecular in nature, with a NGR coefficient k2 = 1.7 × 10−17 m3 s−1 
at 1 sun illumination conditions. This value needs to be com-
pared to the charge encounter rate according to the Langevin 
model, giving kL = 5.5 × 10−16 m3 s−1, shown by a dashed line in 
Figure 3b (see also Note S7 and Figure S21, Supporting Infor-
mation, for more details). The comparison shows that NGR is 
not largely suppressed in our blend. Recently, impedance spec-
troscopy on PM6:Y6 reported a k2 of 3–5.8 × 10−19 m3 s−1.[81]  
These measurements were performed on a regular device 
geometry, with a poly(3,4-ethylenedioxythiophene)polysty-
rene sulfonate (PEDOT:PSS) bottom electrode. The lower  
k2 reported in ref. [81] may result from a specific blend mor-
phology, due to a different bottom electrode. To ensure that our 
measurements on inverted devices are not affected by the choice 
of the bottom electrode, we studied the steady-state nongeminate 
recombination in a regular device (PEDOT substrate electrode) 
using BACE (see Figure S22, Supporting Information). This 
device had a PCE of 14.7%. Within the uncertainty of the experi-
ment both device geometries exhibit the same order and coef-
ficient of recombination. Since nongeminate recombination is 
highly sensitive to the blend morphology,[82] we conclude that the 
bulk properties are depending only little on the bottom electrode.

The efficiency limitation that comes with a high k2 value can 
be illustrated with numerical drift-diffusion simulations.[67,83,84] 
As demonstrated in Figure S23 (Supporting Information), 
using the well-established drift-diffusion simulation software 
SCAPS,[85] we could fully reproduce the J–V curve of our certified 
1 cm2 device using the measured parameters (i.e., k2 and mobili-
ties) as input parameters. Finally, we show that for PM6:Y6 with 
the reported initial JSC close to 25 mA cm−2, a PCE of over 18% 
is within reach if the recombination coefficient is substantially 
smaller and the carrier mobility can be increased by one order of 
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magnitude (a summary of all simulation parameters is given in 
Table S2, Supporting Information).

In summary, we studied free charge generation in inverted 
PM6:Y6 devices, using a combination of TDCF, EQE, and VOC 
measurements. We find that CT dissociation is field independent 
regardless of whether the acceptor, the donor, or the CT state is 
excited, pointing to a cold free charge generation pathway with 
a very small dissociation barrier. Temperature-dependent meas-
urements reveal an exceptional small activation energy for CT 
dissociation of only 6 meV and efficient photocurrent generation 
down to T ≈ 100 K. We exclude that charge separation is mainly 
driven by disorder, given the small σ values in the IE and EA 
and that nongeminate recombination is a nondispersive, purely 
second-order process. We propose that the large quadrupolar 
moments of Y6 on a molecular scale, its dimerization in a unit 
cell, and the specific acceptor–donor–acceptor molecular archi-
tecture create an electrostatic bias potential which compensates 
the Coulomb binding of the charge transfer state, thus enabling 
barrier-free dissociation of CT states.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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